Abstract Walking impairment is a ubiquitous feature of multiple sclerosis (MS) and the O 2 cost of walking might quantify this dysfunction in mild MS. This paper examined the difference in O 2 cost of walking between persons with MS who have mild disability and healthy controls and the correlation between the O 2 cost of walking and disability. Study 1 included 18 persons with mild MS and 18 controls and indicated that the O 2 cost of walking was significantly higher in MS than controls and that disability was significantly associated with the O 2 cost of slow, moderate, and fast treadmill walking. Study 2 included 24 persons with mild MS and indicated that disability was significantly correlated with O 2 cost of comfortable, fast, and slow overground walking. We provide evidence that the O 2 cost of walking is an indicator of walking dysfunction in mildly disabled persons with MS and should be considered in clinical research and practice.
Introduction
Walking impairment is a ubiquitous feature of disability in multiple sclerosis (MS). For example, both the expanded disability status scale (EDSS) and multiple sclerosis functional composite (MSFC) capture walking impairment as a facet of disease progression. Walking impairment is measured in the EDSS by the 500-m walk and the MSFC using the Timed 25 Foot Walk (T25FW) [1] . Unfortunately, both the 500-m walk and T25FW have limited ability to distinguish mildly disabled persons with MS from controls [2] . Mildly disabled persons with MS typically perform at a comparable level to controls on those measures [3, 4] and demonstrate minimal change in the early disease course [5] . Additional work has evaluated the 6-min walk (6MW) as a measure of walking impairment in persons with MS and again reported that mildly disabled persons with MS performed similarly to healthy controls [2] . We believe that although mildly impaired persons with MS are able to perform the walking challenges at a level that is comparable to healthy controls, it is done so at a higher energetic cost (i.e., less economy of movement). This underscores the importance of a measure that could capture and quantify the energetic cost of walking and detect early change and progression in mildly disabled persons with MS.
The oxygen cost (O 2 cost) of walking measured in milliliters of O 2 consumed per kilogram of body weight per meter traveled (ml kg -1 m -1 ) is a promising candidate for quantifying ambulatory impairments in persons with MS, particularly those with mild disability. The O 2 cost of walking is a physiological parameter that is influenced by subclinical and clinical manifestations of pathologic gait abnormalities [6] and provides an objective measure of the interaction between walking distance/speed and energy expenditure. A change in O 2 cost of walking reflects an increase in O 2 consumption (i.e., energy expenditure) with normal walking speed or a reduction in walking speed to maintain a lower rate of O 2 consumption. Existing evidence demonstrates that the O 2 cost of walking is associated with the degree of pathologic gait abnormality in persons with neurologic and orthopedic conditions [6] , and researchers have reported that the O 2 cost of walking on a treadmill is elevated in persons with MS who have moderate disability compared with controls [7] . Such observations support an examination of O 2 cost of walking as a physiological marker of ambulatory impairment in persons with MS who have mild disability.
Consequently, we examined the O 2 cost of walking and its association with disability in two studies of individuals with MS who had mild disability [i.e., patient-determined disease steps (PDDS) score B4.0] [8] . The first study measured the O 2 cost of walking in individuals with MS who had mild disability (median PDDS score = 1, range = 0-4) and controls during three 6-min periods of slow (54 m min -1 ), moderate (80 m min -1 ), and fast (107 m min -1 ) treadmill walking. The advantage of using a treadmill is that walking speed can be easily controlled, particularly between groups. We first examined expected differences in the O 2 cost of walking on a treadmill between persons with MS who had mild disability and controls and then examined the expected strong association between disability and the O 2 cost of walking across the three speeds in those with MS. The second study measured the O 2 cost of walking in individuals with MS who had mild disability (median PDDS score = 1, range = 0-4) during three 6-min periods of over-ground walking. The advantage of over-ground walking is that it is more ecologically valid (i.e., representative of the real world) than walking on a treadmill. The first 6-min period was performed at the participant's comfortable walking speed (CWS) and the second and third 6-min periods were undertaken above (faster walking speed, FWS) or below (slower walking speed, SWS) the participant's CWS. We again examined the expected strong association between disability and the O 2 cost of over-ground walking across the three speeds of walking in persons with mild MS.
Study 1

Methods
Participants
The sample of participants in Study 1 was recruited from the local community via telephone and e-mail messages from a member of the research team. This initial contact was followed by a telephone call for describing the study and its procedures, answering all questions, and conducting a screening interview for inclusion and exclusion criteria. The inclusion criteria included (a) being ambulatory with minimal assistance (i.e., maximum of early cane use); (b) having the visual ability to read 14 point font; and (c) being 18-64 years of age. We excluded all individuals who reported more than one risk factor for maximal exercise testing (i.e., family history of coronary heart disease, cigarette smoking, hypertension, high cholesterol, diabetes, and obesity). The sample consisted of 36 subjects, 18 individuals (14 women) with a definite diagnosis of MS that was confirmed by a neurologist and 18 individuals without MS (14 women) who were similar in age [t(34) = 0.69, p = 0.49], height [t(34) = -1.18, p = 0.25], and weight [t(34) = -0.14, p = 0.89]. The mean (SD) age, height, and weight of those with MS were 41.9 years (12.6), 167.7 cm (13.1), and 72.1 kg (16.4), respectively. The mean (SD) age, height, and weight of the control sample were 39.1 years (11.9), 171.9 cm (7.6), and 72.8 kg (15.0), respectively. Of the 18 individuals with MS, 15 had relapsing-remitting MS, 1 had primary progressive MS, and 2 had benign MS. The mean (SD) duration of MS was 8.4 years (7.2) and the median PDDS score was 1 (range = 0-4). This median PDDS score corresponds to mild disability (i.e., noticeable, but minor symptoms) and the range of PDDS scores corresponds to normal (PDDS = 0) through early cane (PDDS = 4) [8] .
Protocol
The protocol was approved by a University Institutional Review Board and all participants provided written informed consent. The participants initially completed a demographic scale and those with MS then completed the PDDS scale. We measured the participant's height and weight using a scale-stadiometer unit (Detecto model 3P7044, Webb City, MO). The participants undertook three 6-min periods of walking on a motor-driven treadmill (Trackmaster model TMX425C, Full Vision, Inc., Newton, KS). The three 6-min periods of walking each involved a different treadmill speed and there were 6-min periods of seated rest between the periods of walking. The three treadmill speeds were 54, 80, and 107 m min -1 and the order of the treadmill speeds was randomized in both those with MS and the controls. The treadmill speed was verified by measuring belt length and the time it took to complete 25 revolutions of the belt, and the treadmill grade (0%) was verified by a digital inclinometer (Beall Tilt Box, The Beall Tool Company, Newark, OH).
Measures
Oxygen cost of walking Oxygen consumption ( _ VO 2 ) was measured by breath-by-breath analysis using an opencircuit spirometry system (TrueOne, Parvo Medics, Sandy, UT) with participants breathing through a Hans Rudolph (Kansas City, MO) 2-way, nonrebreathable valve (Model 2700B). The O 2 and CO 2 analyzers of the spirometry system were calibrated using verified concentrations of gases, and the flow-meter was calibrated using a 3-L syringe (Hans Rudolph, Kansas City, MO). Steady-state _ VO 2 was calculated by averaging _ VO 2 values across the final 3 min (minutes 4-6) of the 6-min periods of treadmill walking. The O 2 cost of walking was calculated in ml kg -1 m -1 by dividing steady-state _ VO 2 in ml kg -1 min -1 by treadmill speed in m min -1 [6] .
Patient-determined disease steps scale
The PDDS scale [8] is a self-report questionnaire that contains an ordinal scale ranging between 0 (normal) and 8 (bedridden) with a midpoint of 4 (early cane). This scale was developed as an inexpensive surrogate for the expanded disability status scale (EDSS) and scores from the PDDS are linearly and strongly correlated with physicianadministered EDSS scores (r = 0.93) [8] .
Statistical analysis
All analyses were performed using SPSS, version 16 (SPSS, Chicago, IL). Descriptive statistics are presented in text and Tables as mean (M) ± standard deviation (SD).
The O 2 cost of walking between the two groups and across the three treadmill speeds was analyzed with a 2 (Group: MS and controls) 9 3 (speed; 54, 80, and 107 m min -1 ) mixed-model ANOVA based on the univariate F-statistic. Effect sizes for F-statistics were expressed as partial etasquared (g p 2 ) and interpreted as small, medium, and large based on values of 0.01, 0.06, and 0.14, respectively [9] . Effect sizes for between group differences in mean scores were expressed as Cohen's d and interpreted as small, medium, and large based on values of 0.20, 0.50, and 0.80, respectively [9] . We examined the association between PDDS scores and O 2 cost of walking for each of the three speeds using Pearson product-moment (r) correlations as well as partial correlations (pr) controlling for body weight. Cohen's guidelines of 0.1, 0.3, and 0.5 were used for judging the magnitude of the correlations as small, moderate, and large, respectively [9] . 
Results
Study 2
Methods
Participants
Participants in Study 2 were again recruited from the local community and there were six participants from Study 1 who were in Study 2. Recruitment occurred via telephone and e-mail messages from a member of the research team. This was followed by a telephone call for describing the study and conducting a screening for inclusion and exclusion criteria; the criteria were the same as in Study 1. Twenty-four persons with a diagnosis of MS satisfied inclusion criteria and volunteered for participation. The mean (SD) age, height, and weight were 42.0 years (11.7), 169.5 cm (9.3), and 70.6 kg (14.7), respectively. The mean duration of time since diagnosis of MS was 11.1 years (8.5) and all participants had relapsing-remitting MS. The median PDDS score was again 1 (range = 0-4) and corresponds to mild disability (i.e., noticeable, but minor symptoms). The range of PDDS scores corresponds to normal (PDDS = 0) through early cane (PDDS = 4) [8] .
The mean (SD) Godin lesiure-time exercise questionnaire (GLTEQ) score was 34.0 (29.6). This value is less than that of healthy controls [10] , but not of persons with MS [11] and this observation of reduced physical activity in persons with MS is consistent with general findings reported in a meta-analysis [12] .
Protocol
The protocol was approved by the same University Institutional Review Board and all participants provided written informed consent. Participants completed a demographic questionnaire and the PDSS and then were measured for weight and height on a scale-stadiometer unit (Detecto model 3P7044, Webb City, MO). The participant and one researcher then walked the course for the three 6-min periods of over-ground walking as a familiarization protocol; the course was located in a handicap-accessible, rectangular hallway that was clear of obstructions and foot traffic. We then connected the K4b 2 portable metabolic unit for collecting expired gases and the participants sat and rested for a 5-min period. This was followed by three 6-min periods of walking that were interspersed with 5-10 min of rest. The first 6-min period of walking was performed at the participant's CWS. The second and third 6-min periods of walking were performed above (FWS) and below (SWS) the participant's CWS (i.e., ± 13 m min -1 of CWS) and the order was counter-balanced. The manipulation of walking speed in the second and third 6-min periods of walking was accomplished by having the participant follow a pacer who monitored, controlled, and recorded the speed using a measuring wheel (Stanley MW50, New Briton, CT) outfitted with a calibrated bicycle computer (Cateye Velo5, Osaka, Japan).
Measures
Oxygen cost of walking _ VO 2 was measured during the three 6-min periods of walking using a commercially available portable metabolic unit (K4b 2 Cosmed, Italy). The O 2 and CO 2 analyzers of the portable metabolic unit were calibrated using verified concentrations of gases, and the flow-meter was calibrated using a 3-L syringe (Hans Rudolph, Kansas City, MO). Steady-state _ VO 2 was calculated by averaging _ VO 2 values across the final 3 min (minutes 4-6) of the 6-min periods of walking. The O 2 cost of walking was expressed as ml kg -1 m -1 by dividing steady-state _ VO 2 in ml kg
by actual walking speed in m min -1 [6] .
Patient-determined disease steps scale The PDDS scale was again used as a self-report measure of disability status in MS [8] . Godin leisure-time exercise questionnaire The GLTEQ is a self-administered measure of usual physical activity [10] that has been validated for use in persons with MS [11]. The GLTEQ contains three items that measure the frequency of strenuous (e.g., jogging), moderate (e.g., fast walking), and mild (e.g., easy walking) exercise for periods of more than 15 min during one's free time in a typical week. The weekly frequencies occurring over a 7-day period of strenuous, moderate, and mild activities are multiplied by 9, 5, and 3 metabolic equivalents (METs), respectively, and summed to form a measure of total leisure activity. The scores range between 0 and 119 in MET min/week, with higher values reflecting more frequent and/ or intense physical activity.
Data analysis
All analyses were performed using SPSS, version 16 (SPSS, Chicago, IL). Descriptive statistics are presented as M ± SD. The differences in speed and O 2 cost of walking across the three 6-min periods of walking was examined using one-way, within-subjects ANOVAs; speed was the within-subjects factor with three levels (CWS, FWS, and SWS). The effect size for the F-statistic was expressed as partial eta-squared (g p 2 ) and interpreted as small, medium, and large based on values of 0.01, 0.06, and 0.14, respectively [9] . The relationships between scores from the PDDS and O 2 cost of walking were estimated using Pearson product-moment correlations (r) as well as partial correlations (pr) controlling for body weight and GLTEQ scores. Cohen's guidelines of 0.1, 0.3, and 0.5 were used for judging the magnitude of the correlations as small, moderate, and large, respectively [9] .
Results
The CWS was 76.6 ± 13.0 m min , and we report herein that the O 2 cost of walking can differentiate between persons with mild MS and healthy controls and strongly correlates with disability status in individuals with MS who have mild disability. The first study indicated that the O 2 cost of walking on a treadmill was significantly higher in persons with MS who had mild disability compared with controls and that PDDS scores were significantly and strongly associated with the O 2 cost of slow, moderate, and fast treadmill walking. Importantly, the mildly disabled persons with MS completed the same paced treadmill walking as the healthy controls (i.e., performed at a level similar to that of controls on the ambulatory challenge), but the energetic cost was higher for those with MS. The second study only included persons with mild MS and further indicated that PDDS scores were significantly and strongly correlated with O 2 cost of comfortable, slow, and fast over-ground walking. Such results indicate that the O 2 cost of walking across different modes (over-ground and treadmill walking) and speeds (slow through fast) is associated with disability status in persons with MS. The robustness of the association between disability and O 2 cost of walking combined with difference in the O 2 cost of walking between persons with MS who had mild disability and healthy controls supports the consideration of O 2 cost of walking as a physiological marker of locomotor impairments in persons with MS. Indeed, the degree of disability is directly associated with an increase in the energetic cost of walking in persons with MS who have mild disability. Future studies should consider the comparative sensitivity of the O 2 cost of walking versus other markers of locomotor impairment as well as the association between O 2 cost of walking and measures of free-living function and mobility (e.g., multiple sclerosis walking scale-12 or accelerometry) [1, 13] . One previous study has examined the energetic cost of walking on a treadmill in persons with MS versus controls [7] . That previous study included 24 persons with MS who had moderate disability (estimated median PDDS = 4 and estimated PDDS range = 2-6 based on walking aid use and neurologic features reported in Table 1 of that study) and 24 controls and examined the energy cost of treadmill walking whereby speed progressively increased in increments of 0.5 km h -1 every 3 min from an initial speed of 1.5 km h -1 through a maximal speed of 5 km h -1 . Oxygen consumption was measured during the last minute of each speed and O 2 cost of walking was expressed as ml kg -1 m -1 . The results indicated that O 2 cost of walking was between 2 and 3 times greater in those with MS than controls across four speeds of treadmill walking (2, 3, 4, and 5 km h -1 ). The present study similarly observed that O 2 cost of walking was greater in those with MS than controls across all three speeds of treadmill walking (*3.2, 4.8, and 6.4 km h -1 ), but the magnitude of difference was smaller than that observed in previous research [7] . There are several possible explanations for the variability in the magnitude of the difference in O 2 cost of treadmill walking between studies. One obvious difference is that our sample included persons with minimal ambulatory impairment (i.e., maximum of early cane use or single-point assistance during walking), whereas previous research included persons with greater ambulatory impairments (e.g., 33% relied upon two-point assistance during walking). This difference in ambulatory status and therefore disability likely influenced the O 2 cost of treadmill walking in persons with MS as those with greater reliance upon walking aids likely had a greater O 2 cost of walking than those with less reliance upon a walking aid when compared with the control sample. That explanation is consistent with the findings of our correlation analysis whereby there was a linear relationship between PDDS scores and the O 2 cost of treadmill and over-ground walking. Another major difference is that only 12, 7, and 3 of the 24 persons with MS completed the 3, 4, and 5 km h -1 treadmill walking speeds, respectively, in previous research [7] . All 18 of our participants with MS completed the entire treadmill walking protocol. The dropoff in sample size as a function of speed would likely have affected the precision of the estimates of the O 2 cost of treadmill walking in that previous study [7] . One final difference is that the present study included 6-min periods of treadmill walking with 3-min sampling of expired gases for measuring O 2 cost of walking and the periods of walking were interspersed with seated rest. Previous research included 3-min periods of incremental walking with 1-min sampling of expired gases and no rest between walking speeds [7] . Our protocol is expected to yield more stable and accurate assessments of O 2 cost of walking because of a steady-state in O 2 consumption during the last 3 min of the 6-min period and minimal carry-over effects between successive periods of incremental treadmill walking. Despite the major differences, both studies observed that O 2 cost of walking on a treadmill was elevated in persons with MS compared with controls, and our correlation analyses suggest that the degree of disability is associated with the O 2 cost of treadmill and over-ground walking.
We examined the association between disability and the O 2 cost of both treadmill and over-ground walking in two studies of persons with MS who had mild disability. The advantage of walking on a treadmill is that the speed can be tightly controlled allowing for precise comparison of O 2 cost of walking between groups or across time. One limitation is that the kinematics of gait on a treadmill might differ from those of over-ground walking, particularly in persons with gait disability. The advantage of over-ground walking is that it is more ecologically valid, but there is less control over speed of movement. We note that in the current studies the O 2 cost of walking was comparable between treadmill and over-ground walking. Indeed, the O 2 cost of walking on a treadmill at 80 m min -1 was 0.179 ml kg -1 m -1 in the MS sample and the O 2 cost of over-ground walking at the CWS of 76.6 m min -1 was 0.172 ml kg -1 m -1 . This suggests that the O 2 cost of walking is comparable across treadmill and over-ground modes, and we further note that the magnitude of correlations between O 2 cost of walking and disability was similar across modes and speeds of walking. Such results imply that the O 2 cost of walking is a marker of locomotor impairments that can be measured using treadmill and over-ground conditions, but this should be verified in a direct comparison of treadmill and over-ground walking in a single study of persons with MS.
To our knowledge, researchers have not routinely used the O 2 cost of walking as a marker of locomotor impairment that coincides with disability in persons with MS. This might be linked with the perceived expense of equipment combined with a lack of expertise for measuring O 2 cost of walking. We further note that the O 2 cost of walking might be impractical for inclusion in epidemiological and natural history studies of disability in persons with MS. Nevertheless, the O 2 cost of walking might provide a more sensitive approach for monitoring locomotor impairment that coincides with MS disease progression in clinical research and clinical care, even in mild MS. This approach, in particular, might provide novel metrics for quantifying changes in disease status during clinical trials of disease modifying medications and rehabilitation regimens, especially where the effects might be small in magnitude and below the threshold for detection of current disability measurements (EDSS, T25FW, or 6MW test). The O 2 cost of walking might further provide a novel approach for monitoring disease status in a clinical setting, particularly in cases where patient-reports of daily function do not coincide with markers from a clinical examination [14] . We encourage additional research that examines the veracity and sensitivity of the O 2 cost of walking as a marker of disease progression in clinical trials and practice involving persons with MS.
Importantly, the two studies are not without limitations. One limitation is the demographic composition and size of the samples. The studies included small samples of 18 and 24 individuals with MS who consisted primarily of middleaged, Caucasian women. The demographic characteristics of the samples are consistent with those of MS [15] , but we do recognize the importance of including more diverse samples in future studies. Another possible limitation is the focus on a relatively mild degree of disability in the samples of persons with MS. Future researchers should examine the association between disability and O 2 cost of walking in individuals who present with greater disability. The small, heterogeneous samples of persons with mild MS clearly indicate that the results cannot be generalized for the whole MS population. Perhaps the association is even stronger across a larger range of disability. Another limitation is that we only included the PDSS rather than the best-known and more familiar expanded disability status scale (EDSS) for examining the association between disability status and the O 2 cost of treadmill and over-ground walking. The inclusion of the EDSS would be an important consideration in future research. An additional limitation is the cross-sectional nature of the study and that we did not establish evidence of sensitivity and responsiveness for the O 2 cost of walking based on drug (e.g., IV steroid treatment) or rehabilitation (e.g., physical therapy) interventions. The comparative evaluation of the O 2 cost of walking versus PDDS and EDSS scores as well as T25FW and 6MW test performance in response to drug (e.g., IV steroid treatment) or rehabilitation (e.g., physical therapy) intervention therapies would be an interesting future direction for establishing the sensitivity and responsiveness of the O 2 cost of walking.
This paper demonstrated that the O 2 cost of walking differs between persons with mild MS and healthy controls and documented strong and consistent associations between disability status and the O 2 cost of treadmill and over-ground walking in persons with mild MS. Such results highlight the importance of considering the O 2 cost of walking as a possible physiological marker of locomotor impairments that coincide with disability progression among persons with MS. This consideration combined with additional investigations of sensitivity and responsiveness might better position research and clinical efforts in the management of disease progression in this population.
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